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1 

DIFFRACTIVE OPTICAL STRUCTURE WITH A LIQUID INTERFACE 



FIELD OF THE INVENTION 

The present invention relates to an optical system, particularly to an optical 
system comprising a diffraction element. 

5 BACKGROUND OF THE INVENTION 

Optical systems acting upon a given input radiation including a range of 
different wavelengths commonly introduce a chromatic aberration in the form of a variation 
of a focal length which is wavelength dependent. An example of such an optical system is an 
image capture device, for example a photographic camera for recording images using a 
10 radiation beam comprising different wavelengths in the visible range of the electromagnetic 
radiation spectrum. 

The introduction of chromatic aberration into a radiation beam in such an 
optical system may commonly be caused by optical elements of the system. These optical 
elements, for example a lens, are formed of a material, for example polycarbonate, having a 

15 particular optical dispersion and a particular refractive index for a certain wavelength. 

Optical dispersion is a dependence of a refractive index of a material with a wavelength of 
given radiation. Therefore a first wavelength comprised within a given radiation is refracted 
by a first refractive angle according to a first refractive index of the polycarbonate. A 
radiation beam of a second different wavelength of the given radiation is refracted by a 

20 second, different, refractive angle according to a second different refractive index of the 
polycarbonate. An optical dispersion is commonly denoted by an Abbe Number (V d ). A 
relatively low value of Abbe Number represents a relatively high optical dispersion and vice 
versa. A relatively high optical dispersion corresponds to a relatively high variation in an 
angle of refraction with different wavelengths of a given radiation beam. 

25 To compensate for a chromatic aberration caused by an optical dispersion, a 

refractive optical element and a diffractive optical element may be used together to act upon 
given radiation. Refractive and diffractive optical elements have optical dispersions with 
opposite signs to each other, and a refractive and a diffractive element, being correctly 
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designed, may therefore be arranged to compensate for a chromatic aberration introduced by 
each other. 

A diffractive optical element is generally designed to select one particular 
diffraction order for a given radiation beam. However, for a radiation beam comprising a 

5 range of different wavelengths, for example visible white light, the diffractive optical element 
may select different diffraction orders for the different wavelengths. This inefficiency of 
selecting one particular diffraction order causes a deterioration of an image quality of the 
photographic camera and is termed * flare'. 

US patent US63301 10 describes a diffractive optical element comprising three 

10 or more layers. At an interface between adjacent layers, each layer being formed of a 
different material to an adjacent layer, there is a diffraction grating. By selecting the 
materials from which the different layers are formed and selecting a variation in a depth of 
each layer, the diffraction grating reduces the flare of a radiation beam comprising a range of 
different wavelengths by selecting predominantly a same diffraction order for each of the 

15 different wavelengths. 

European patent application EP1 193512 discloses a diffractive optical element 
comprising at least two diffraction gratings adjacent each other. Each diffraction grating is 
formed between two layers, each layer being of a different material and having a different 
optical dispersion. The diffractive optical element has a curvature and has a high selection 

20 efficiency for one particular diffraction order for each different wavelength of a given 
radiation beam. 

Japanese patent application 127322/1997 describes a diffraction optical 
element which comprises a first and a second diffraction relief pattern. The first relief pattern 
is formed at an interface between an acrylic and a polycarbonate material. In one 
25 embodiment, the second relief pattern is formed at an interface between the polycarbonate 
material and air. A depth of channels of the first relief pattern is different to a depth of 
channels of the second relief pattern such that the diffraction optical element has a high 
selection efficiency for one particular diffraction order for each different wavelength of a 
given radiation beam. 

30 The optical systems disclosed in US patent US63301 10, European patent 

application EP1 1 935 1 2 and Japanese patent application 1 27322/1 997 are each manufactured 
according to similar methods. In order for each of the optical systems to accurately perform 
the desired diffraction and select for one particular diffraction order, it is necessary to form 
and align elements of the optical systems, during a manufacture process, to a high level of 
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precision. Achieving this high level of manufacturing precision, often to an accuracy of a 
few microns, is relatively time consuming and cost inefficient. This is especially the case in 
an optical system comprising several layers formed of different materials, each layer having 
at least one diflractive surface, for example in US patent US63301 10. 
5 It is an object of the present invention to provide improvements to optical 

systems which diffract a given radiation beam, especially to those for obtaining one particular 
diffraction order, and to methods of manufacturing such optical systems to a high level of 
precision in a cost effective manner. 

1 0 SUMMARY OF INVENTION 

In accordance with a first aspect of the present invention there is provided an 
optical system comprising a diffraction element formed of a substantially rigid first material 
having a first refractive index, the diffraction element having: 

a) a first plurality of grooves at a first interface of the dififractive element with a 
1 5 second material having a second refractive index; and 

b) a second, different, plurality of grooves at a second, different, interface with a 
third material having a third refractive index, 

wherein the first and second pluralities of grooves are aligned with respect to 
each other such that a combined diffractive effect is achieved, 
20 characterised in that the third material is a liquid. 

The second material may be a solid or, alternatively, a fluid. A fluid is a 
substance which has a shape which alters in response to any applied force. Fluids tend to 
flow towards and to conform to a shape of an enclosing surface of the fluid. Gases, vapours, 
liquids and mixtures of solids and liquids which are capable of flow are all examples of 
25 fluids. 

According to a second aspect of the present invention, there is provided a 
method of manufacturing an optical system comprising a diffraction element formed of a 
substantially rigid first material having a first refractive index, the diffraction element, when 
manufactured, comprising: 

30 a) a first plurality of grooves at a first diffraction interface with a second material 

having a second refractive index; and 

b) a second plurality of grooves at a second diffraction interface with a third 

material having a third, different, refractive index, 
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wherein the first and second pluralities of grooves are aligned with respect to 
each other such that a combined diffractive effect is achieved, 

the method comprising applying said second material to said first plurality of 

grooves, 

5 characterised in that the method comprises applying said third material to said 

second plurality of grooves as a liquid. 

Preferably the method of manufacturing comprises moulding of the diffraction 
element using injection moulding. Use of an injection moulding process allows precise 
alignment of the first and second pluralities of grooves of the diffraction element by the 

1 0 alignment provided by the interfitting of mould parts in the injection moulding apparatus. 
Hereby the diffraction element, when removed from the mould, includes grooves on both 
sides which are accurately aligned with respect to each other such that a combined diffractive 
effect is achievable. In preferred embodiments, the first and second pluralities of grooves are 
arranged in pairs to coincide with each other. 

15 Preferably, the second material is applied as a fluid and the method of 

manufacturing the diffraction element comprises applying the second and the third materials 
to respectively the first and second plurality of grooves of the substantially rigid diffraction 
element. It is thus possible to manufacture the optical system to a high level of precision in a 
relatively simple, efficient and inexpensive fashion. 

20 Further features and advantages of the invention will become apparent from 

the following description of preferred embodiments of the invention, given by way of 
example only, which is made with reference to the accompanying drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 
25 Figure 1 is a schematic diagram of an optical system including a diffraction 

element according to an embodiment of the present invention. 

Figure 2 shows graphically an efficiency of a diffraction performed by a 
plurality of grooves according to the prior art. 

Figure 3 shows graphically an efficiency of a diffraction performed by two 
30 pluralities of grooves according to an embodiment of the present invention. 

Figure 4 shows an enlarged graphical view of the efficiency of diffraction 
shown in figure 3. 

Figure 5 shows a schematic diagram including the diffraction element 
according to a different embodiment of the present invention. 
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Figure 6 shows a schematic diagram including the diffraction element 
according to a further different embodiment of the present invention. 

Figure 7 shows schematically an optical system comprising a diffraction 
element according to an embodiment of the present invention. 

5 

DETAILED DESCRIPTION OF THE INVENTION 

Figure 1 shows a diffraction element as part of an optical system in accordance 
with a first embodiment of the present invention. The optical system comprises a diffraction 
element 2 which is formed of a first material which is substantially rigid and in this example 
10 is Cyclic Olefinic Copolymer (COC). By substantially rigid it is meant that a shape of the 
first material is fixed. 

The diffraction element 2 is circular and has a radius about an optical axis OA, 
the radius lying along a direction perpendicular the optical axis OA. The diffraction element 
2 is shaped so as to have, on one side, a first plurality of grooves 4 and, on the other side, a 

1 5 second, different, plurality of grooves 6. The first plurality of grooves 4 lies at a first 

interface 7 of the diffraction element 2 with a second, different, material. In this embodiment 
the second material is a fluid and is a gas, the gas being air 8. The second plurality of 
grooves 6 lies at a second, different, interface 9 of the diffraction element 2 with a third, 
different, material. In this embodiment the third material is a liquid, for example water 10. 

20 Both the first and the second plurality of grooves 4, 6 are arranged concentrically about the 
optical axis OA. The first material has a first refractive index n h the second material has a 
second, different, refractive index n 2 and the third material has a third, different, refractive 
index n 3 . Table 1 gives values of the first, second and third refractive indices w y , n 2 and n 3 
respectively at specified wavelengths X n (450nm, 550nm 650nm) of a given radiation beam. 

25 Additionally the first, second and third materials, COC, air and water respectively, have a 
different optical dispersion indicated by a value of an Abbe Number (V d ). 



Table 1 



Material 


Refractive Index n at Wavelength X 


Abbe No. 




n(450nm) 


n(550nm) 


n(650nm) 


(V d ) 


COC 


1.5443 


1.5357 


1.53512 


56 


Air 


1 


1 


1 


— ► 00 


Water 


1.3441 


1.3359 


1.3308 


33 
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The diffraction element 2 is shaped to have an annular surface 12 located outside the 
outermost grooves of the first and second plurality of grooves 4, 6. An enclosure element 13 
is shaped to have a complementary annular surface 15 which interfits with the annular 
surface 12 of the diffraction element 2 to form a fluid tight seal. The enclosure element 13 
5 provides a fluid tight enclosure for the water 10, which fills the enclosure entirely. By being 
so filled, the second interface 9 with the diffraction element 2 and the water 10 is 
continuously maintained, irrespective of orientation of the system. 

Each groove of the first plurality of grooves 4 has a first depth dj and each 
groove of the second plurality of grooves 6 has a second, different depth d 2 . Both the first 

10 and the second depths d/ 9 d 2 lie along a direction parallel the optical axis OA and are different 
to each other. With reference to the arrangement shown in Figure 1, in this example the first 
and the second depths d i9 d 2 are each positive; the convention used is that the grooves are 
measured at opposite sides of the groove, and towards the central plane of the diffraction 
element 2. Note that one, or both of, the first and the second depths d h d 2 may in alternative 

1 5 embodiments be negative. 

Each groove of the first and second plurality of grooves 4, 6 is in this 
embodiment blazed. Additionally, each groove of the first and second plurality of grooves 4, 
6 has a width w in a direction perpendicular the optical axis OA. For each groove, for 
example a first groove 1 la, of the first plurality of grooves 4, there is a coincident one 

20 groove, for example a second groove 1 lb, of the second plurality of grooves 6, forming one 
pair 1 1 of a plurality of pairs of coincident grooves. Each groove of one pair 1 1 , in this 
example the first and the second groove 1 la, 1 lb, of coincident grooves has substantially the 
same width, both widths being coincident with the other. 

The width of pairs of coincident grooves varies along a radius lying 

25 perpendicular the optical axis OA. A pair of coincident grooves at a smaller radial distance 
along the radius from the optical axis OA has a first width w,, and a different pair of 
coincident grooves at a greater distance from the optical axis OA has a second, different, 
width w 2 . As a result of the pairs of grooves of the first plurality and the second plurality of 
grooves 4, 6 being aligned to be coincident, a combined diffractive effect is produced on a 

30 given radiation beam travelling along the optical axis OA. The given radiation beam 

comprises a plurality of different wavelengths X*. In this embodiment the given radiation 
beam comprises a range of wavelengths in the visible range of the electromagnetic spectrum 
of between approximately 400nm-800nm. 



wo 
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With the first plurality of grooves 4 having the first depth dt and the second 
plurality of grooves 6 having the second depth d* the variation of the widths w of pairs of 
coincident grooves along the radius from the optical axis OA, the specific refractive indices 
n h n 2 and n 3 of the first, second and third materials and the blazing of both the first and 
5 second plurality of grooves 4, 6, the diffraction element 2 is arranged to select a desired 

diffraction order m of the given radiation beam. The first and the second plurality of grooves 
4, 6 are arranged to fulfill the following relation for a wavelength 7^ 9 in this example a design 
wavelength X^, of the given radiation beam: 

10 ~n 2 )d x -n 3 )d 2 = (1) 

According to the prior art, relation (1) is solved for a design wavelength 
X-o=550nm approximately with a selected diffraction order being a first diffraction order m=\. 
Selecting the second depth d2=0 gives a first depth dj= -1 .027pm approximately. This first 
15 depth dj, being negative, corresponds to a height of ridges of a plurality of ridges raised 
above a surface of the diffraction element, instead of a plurality of grooves. 

A diffraction efficiency r| for the selection of the diffraction order m, in this 
case the first diffraction order m=l, is given using the following relation: 



20 77 = 



L J 

x(-(n x - n 2 )d, +{n x -tii)dz) 

772 An 



\ 2 



V 



(2) 



Figure 2 shows graphically, for the prior art, the diffraction efficiency ti for 
each different wavelength X„ of the given radiation beam. A first plot line 16 is plotted as a 
function of the efficiency Tjona first axis 17 against the wavelength A,, on a second axis 18, 
the second axis 18 being perpendicular the first axis 16. 

25 In an example of this invention, relation (1 ) is solved for the design 

wavelength Xo=550nm approximately with a selected diffraction order being a first 
diffraction order m=\, a first depth c//=l3.431pm and a second depth ck=38.763pm 
approximately. Figure 3 shows graphically for this second example the diffraction efficiency 
ti for each wavelength X„ of the given radiation beam. A second, different plot line 20 is 

30 plotted in a similar manner to the first plot line 16 on the first and second axis 17, 18. 
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Figure 4 shows graphically the diffraction efficiency t| for the second example 
as an enlarged view with a third, different, plot line 22 plotted as a function of the diffraction 
efficiency on a larger scale axis 24 of the first axis 17 against the wavelength X„ on the 
second axis 18. In this second example the diffraction efficiency r\ of selecting the first 
5 diffraction order m=l is substantially maximised for each of the wavelengths ^ of the given 
radiation beam. Substantially maximised in this example is where the diffraction efficiency r\ 
has a value within the range of approximately 90%- 100% and more preferably within the 
range of approximately 95%- 100% for wavelengths X„ in the visible range of the 
electromagnetic spectrum of between approximately 400nm-800nm. 

10 In a manufacturing process of the diffraction element 2, according to an 

embodiment of the present invention described, the first material of COC, initially as a fluid, 
is moulded to a desired form including the coincident first and second plurality of grooves 4, 
6 and the annular surface 12. The moulding involves an injection moulding process whereby 
the first and second pluralities of grooves 4, 6 can be readily aligned, simply by alignment of 

1 5 moulding parts of injection moulding apparatus. Following the injection moulding process of 
the first material, the first material now being substantially rigid, the second material, air 8, is 
applied to the first plurality of grooves 4 and the third material, water 10, is applied to the 
second plurality of grooves 6 as a liquid. 

Figure 5 shows schematically a different embodiment of the present invention. 

20 Elements of this embodiment are similar to elements of a previously described embodiment. 
Similar reference numerals for these elements are used, incremented by 100 and 
corresponding earlier descriptions of features of these elements should be taken to apply here 
also. 

The third material in this embodiment is salted water 1 10 and there is an 
25 additional fourth, different, material within the enclosure provided by the enclosure element 
113. The enclosure element 1 13 is formed of a transparent material. The fourth material is, 
in one embodiment, an oil 1 14. The water 1 10 and the oil 1 14 are non-miscible and are 
separated by a fluid meniscus 1 16. The water 1 10 is electrically conducting and the oil 1 14 is 
electrically insulating and is for example a silicone oil or an alkane. The water 110 and the 
30 oil 1 14 are preferably arranged to have an equal density, so that a configuration of the fluid 
meniscus 1 16 is substantially independent of orientation, i.e. without dependence on 
gravitational effects between the water 1 10 and the oil 1 14. This may be achieved by 
appropriate selection of the oil 1 14; for example alkanes or silicone oils may be modified by 
addition of molecular constituents to increase their density to match that of the water 110. 
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In this embodiment a lower annular surface 1 1 8 of an annular first electrode 
1 19, formed of a metallic material, arranged concentrically about the optical axis OA, lies in 
contact with the annular surface 1 12 of the diffraction element 102. Part of an upper annular 
surface 120 of the annular first electrode 1 1 9 lies in contact with the annular surface 1 1 5 of 
5 the enclosure element 1 13 and part of the upper annular surface 120 of the annular first 
electrode 1 19 lies in contact with the water 110. 

The enclosure element 1 13 comprises a cylindrical second electrode 122, 
formed of a metallic material and arranged with a longitudinal axis coincident with the 
optical axis OA. A fluid contact layer 124 reduces a hysteresis in a contact angle of the fluid 

10 meniscus 1 16 with a cylindrical wall of the enclosure element 113. The fluid contact layer 
1 24 is preferably formed from an amorphous fluorocarbon such as Teflon™ AF 1 600 
produced by DuPont™. The AF1600 coating may be produced by successive dip coating of 
the second electrode 122, which forms a homogeneous layer of a substantially uniform 
thickness. European Patent Application no. 02075649, incorporated herein by way of 

15 reference, provides further details of systems using electrowetting forces to modify a 
configuration of a fluid meniscus. 

When no voltage is applied across the first and second electrodes 119, 122 the 
fluid contact layer 124 has a higher wettability with respect to the water 1 10 than the oil 1 14. 
Due to electrowetting forces, the wettability by the water 1 10 varies under the application of 

20 a voltage Vj across the first electrode 1 19 and the second electrode 122, which tends to 
change a contact angle of the fluid meniscus 1 16 at a three phase line (the line of contact 
between the fluid contact layer 124, the water 1 10 and the oil 1 14). A configuration of the 
fluid meniscus 116, separating the second and third materials, is thus modifiable in 
dependence on the applied voltage V h In this embodiment the configuration of the fluid 

25 meniscus has a rotationally symmetric curvature centred about the optical axis OA. By 

variation of the voltage V, applied across the first and the second electrode 119, 122, the rate 
of curvature of the fluid meniscus 1 16 varies accordingly. With no voltage applied across the 
first and the second electrodes 119, 122, the curvature of the fluid meniscus 1 16 is convex 
when viewed along the optical axis OA from the water 1 10. 

30 The fluid meniscus 1 16, with a certain rate of curvature, functions as a lens on 

the given radiation beam, the given radiation beam already having been diffracted to the first 
diffractive order m=] by the diffraction element 102. Variation of the rate of curvature of the 
fluid meniscus 1 16 varies the focal power of the lens. 
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Figure 6 shows schematically a further embodiment of the present invention in 
which electrowetting forces are not used to modify a configuration of fluid meniscus. 
Similarly, elements of this embodiment are similar to elements of previously described 
embodiments. Similar reference numerals for these elements are used, incremented by 200 
5 and earlier descriptions of features of these elements should be taken to apply here also. 

In this embodiment a first plurality of grooves 226 and a second plurality of 
grooves 228 are somewhat different to pluralities of grooves of previously described 
embodiments, in that the grooves are linear and arranged parallel each other along a direction 
perpendicular the optical axis OA. However, the first and second plurality of grooves 226, 

1 0 228, similarly have a first depth dj and a different second depth d 2 , are arranged 

coincidental^ in pairs and are blazed, all of these features causing the diffraction element 
202 to select a desired diffraction order m of a given radiation beam. A groove of the first 
plurality of grooves 226 and a groove of the second plurality of grooves 228 forming a pair 
21 1 have substantially a same width as each other. The width of each groove of the first and 

1 5 second pluralities 226, 228 of grooves are substantially the same. 

Figure 7 shows schematically an optical system comprising a diffraction 
element 302 of the present invention which is similar to the diffraction element of previous 
embodiments. Similarly to descriptions of the diffraction element of previous embodiments, 
an enclosure element 313 is arranged with the diffraction element 302 to provide a fluid tight 

20 enclosure to contain the water 310. The optical system is arranged, for example, for 

inclusion in an image capture device such as a photographic camera. The optical system 
comprises a plurality of lenses 330, each lens having at least one refractive surface. The 
lenses 330 and the diffraction element 302 arranged with the enclosure element 313 are 
aligned along an optical axis OA such that a given radiation beam comprising wavelengths 

25 corresponding to an image scene to be captured are focused onto an image recording element 
332. The image recording element is for example a chemical based photographic film or a 
Charged Couple Device (CCD). Inclusion of the diffraction element 302 within the optical 
system allows a desired one particular diffraction order m of the wavelengths of the given 
radiation beam to be selected by the diffraction element 302 acting as a lens, and any flare of 

30 the radiation beam to be substantially eliminated. 

The above embodiments are to be understood as illustrative examples of the 
present invention. Further embodiments are envisaged. 

In further embodiments it is envisaged that the first, second and third materials 
are not restricted to being COC, air and water, respectively. Different materials which are 
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substantially rigid may be used for the first material, as may different materials, including 
solids or alternative fluids such as a liquid, for the second material and different liquids for 
the third material. It is necessary for a refractive index and an optical dispersion of the first, 
second and third materials to be such that a desired diffraction order is selected for different 

5 wavelengths of a given radiation beam whilst substantially eliminating chromatic aberration. 

Further, it is envisaged that depths, widths and a blazing of grooves may be 
different to the specific examples described earlier. Grooves of a plurality of grooves at an 
interface may all be of an equal width or, as described earlier, may have different widths to 
each other along a radius. Instead of being blazed, the grooves may be alternatively arranged 

10 to form a binary grating. Additionally in described embodiments, each plurality of grooves is 
arranged to substantially cover one side of the diffraction element. It is alternatively 
envisaged that each plurality of grooves is arranged to cover only a part of a side of the 
diffraction element. 

The given radiation beam described comprises wavelengths of the visible 

15 range of the electromagnetic spectrum. It is further envisaged that the diffraction element of 
the present invention is arranged to select a substantially maximum efficiency of a particular 
diffraction order for other different wavelengths, for example those of the ultraviolet and the 
infra red radiation spectrum. 

In a manufacturing process of the optical system including the diffraction 

20 element, the second material applied to the second plurality of grooves may be a liquid resin 
which is subsequently cured to solid form using ultraviolet radiation, rather than remaining a 
liquid. 

As described, a configuration of the third material may be modified using 
electrowetting forces. The diffraction element within an optical system using electrowetting 

25 forces is not restricted to comprising grooves arranged concentrically about the optical axis. 
Linear grooves arranged parallel each other may alternatively be used. 

In an embodiment of the present invention the optical system comprising the 
diffraction element is an image capture device, for example a photographic camera. It is 
envisaged that the diffraction element be included in further optical systems which act upon a 

30 radiation beam comprising a plurality of different wavelengths, generally of a large range of 
wavelengths, for example optical scanning devices employing data readout of a plurality of 
different optical discs , for example a Compact Disc (CD) or a Digital Versatile Disc (DVD). 
It is to be understood that any feature described in relation to any one embodiment may be 
used alone, or in combination with other features described, and may also be used in 
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combination with one or more features of any other of the embodiments, or any combination 
of any other of the embodiments. 

Furthermore, equivalents and modifications not described above may also be 
employed without departing from the scope of the invention, which is defined in the 
5 accompanying claims. 



